Abstract. Nitric oxide (NO) has been recently demonstrated to enhance apoptosis of glial cells induced by photodynamic therapy (PDT), but to protect glial cells from PDT-induced necrosis in the crayfish stretch receptor, a simple neuroglial preparation that consists of a single mechanosensory neuron enveloped by satellite glial cells. We used the NO-sensitive fluorescent probe 4,5-diaminofluorescein diacetate to study the distribution and dynamics of PDT-induced NO production in the mechanosensory neuron and surrounding glial cells. The NO production in the glial envelope was higher than in the neuronal soma axon and dendrites both in control and in experimental conditions. In dark NO generator, DEA NONOate or NO synthase substrate L-arginine hydrochloride significantly increased the NO level in glial cells, whereas NO scavenger 2-Phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (PTIO) or inhibitors of NO synthase L-NG-nitro arginine methyl ester and Nω-nitro-L-arginine decreased it. PDT induced the transient increase in NO production with a maximum at 4 to 7 min after the irradiation start followed by its inhibition at 10 to 40 min. We suggested that PDT stimulated neuronal rather than inducible NO synthase isoform in glial cells, and the produced NO could mediate PDTinduced apoptosis.
Introduction
Photodynamic therapy (PDT) is based on light-induced death of cells stained with a photosensitizing dye in the presence of oxygen. Photoexcitation of the sensitizer molecules leads to generation of singlet oxygen and other reactive oxygen species that induce oxidative stress and kill the cells. PDT is used to treat cancer, including brain tumors. [1] [2] [3] Not only tumor cells, but also normal nerve and glial cells are damaged during brain PDT. Thus, the study of signaling mechanisms regulating photodynamic damage or protection of normal neurons and glial cells are of importance. 4 However, in the mammalian brain, numerous neurons interact with hundreds of other neurons. It is difficult to identify them and determine which glial cells interact with a given neuron. The use of a simpler neuroglial system such as the crayfish stretch receptor (CSR) that consists of a single mechanoreceptor neuron surrounded by the glial envelope 5, 6 is preferable. It has been used as a simple but informative experimental model in the studies of signaling mechanisms of photodynamic effect on neurons and glial cells. 4, [7] [8] [9] Nitric oxide (NO) is a second messenger, involved in the regulation of various cellular functions. It participates in neurotransmission, cell responses to stress, and neurodegeneration. 10, 11 PDT has been shown to induce NO production in different cell lines. [12] [13] [14] Some authors have also demonstrated the involvement of NO in PDT-induced apoptosis. 12, 15 On the other hand, it was shown that NO can protect tumor cells from PDT-induced death either through inhibition of lipid peroxidation in the cellular membranes 16, 17 or through cGMP-dependent signaling pathway. 18 Some authors did not find any correlations between NO production and PDT-induced cell damage. 19 Thus, the role of NO in cell death is not clearly understood yet. The role of NO in PDT-induced death of neuronal and glial cells is also insufficiently studied. As recently shown, NO enhances PDT-induced apoptosis of glial cells in the CSR. At the same time, it protects crayfish glial cells from PDT-induced necrosis. 7 The dynamics of NO production during PDT has not been well examined. Some authors studied NO production at different post-PDT time points, but not during the treatment.
14 Another important problem is the mechanism of neuroglial interactions under stress conditions. The crayfish mechanoreceptor neuron is known to protect satellite glial cells from PDT-induced apoptosis but not necrosis. 20 These neuroglial interactions may be mediated by a intercellular signaling messenger such as neurotrophic factors. 21, 22 or NO. Is NO involved in the neuroglial interactions in the photosensitized CSR? What is the source of NO, the neuron, or glial cells? What is the dynamics of NO production? In this work, we addressed these questions using the NO-sensitive fluorescence probe 4,5-diaminofluorescein diacetate that provides NO visualization and accurate and fast measurement of the dynamics of its production.
Materials and Methods
The following chemicals were used in this work: the NO-sensitive fluorescent probe 4,5-diaminofluorescein diacetate (DAF-2DA), NO generator DEA NONOate (25 μM), NO synthase (NOS) substrate L-arginine hydrochloride (L-arg HCl) (500 μM), NO scavenger PTIO (500 μM), nonspecific NO synthase (NOS) inhibitors L-NG-nitro arginine methyl ester (L-NAME) (1 mM) and Nω-nitro-L-arginine (L-NNA) (1 mM), inhibitor of the inducible NOS isoform (iNOS) 5-methylisothiourea hemisulfate (SMT) (500 μM, 1 mM, 10 mM), and the fluorescent dye Hoechst-33342. All chemicals were purchased from SigmaAldrich Rus (Moscow, Russia). Photosensitizer photosens, a mixture of sulphonated alumophthalocyanines AlPcS n , where mean n ¼ 3.1, was obtained from NIOPIK (Moscow, Russia).
The abdominal stretch receptors of the crayfish Astacus leptodactylus that contain single sensory neurons, surrounded by the multilayer glial envelope, 6 were isolated as described in Ref. 5 . The isolated receptors were placed into the chamber filled with van Harreveld's saline for cold-blooded animals (mM: NaCl, 205; KCl, 5.4; NaHCO 3 , 0.24; MgCl 2 , 5.4; CaCl 2 , 13.5; pH 7.2 to 7.4). Spikes were recorded extracellularly from axons by glass suction electrodes and processed by a personal computer using the home-made software providing continuous firing monitoring and registration of firing rates. The initial firing level was set at 6 to 10 Hz by application of the appropriate receptor muscle extension.
The NO production was examined using the fluorescent probe 4,5-diaminofluorescein diacetate (DAF-2DA). This cellpermeable and highly sensitive NO probe forms intensely fluorescing 4,5-diaminofluorescein triazole (DAF-2T) upon direct reaction with NO inside the cell. 23 This technique has been used to study the real-time changes in intracellular NO level in various conditions in different animal models, including invertebrates. 24, 25 After 30-min control recording of the neuronal activity, the preparations were incubated 60 min in the saline containing DAF-2DA (1∶500). Then the samples were washed out five times with the dye-free saline to remove the excess of the dye. Photosens (10 nM) was added into the chamber, and after a 30-min incubation, the preparations were irradiated by the diode laser (670 nm, 0.8 W∕cm 2 , 3-mm beam diameter). Then the stretch receptor preparations were replaced from the electrophysiological apparatus to the Axio Lab. A1 microscope (Carl Zeiss), equipped with the AxioCam ERc 5s camera, which registered the fluorescence of DAF-2DA before PDT and 1, 4, 7, 10, 15, 20, 25, 30, and 40 min during PDT. The images were acquired with ZEN 2012 (Carl Zeiss) software on the personal computer (Intel Core i3, 3.10 GHz, RAM 4 Gb, Windows 7 Enterprise 64 bit) and processed using Image-Pro Plus Version 6.0 (Media Cybernetics) software. The mean fluorescence intensity was measured within the circle (∅100 μm) around the neuronal soma [ Fig. 1(a) ] that contained the neuronal nucleus and 30 to 40 nuclei of surrounding glial cells. It was then normalized relatively to the fluorescence intensity of the distant stretch receptor region, where the fluorescence intensity did not change. Application of NO generator DEA NONOate (25 μM), NOS substrate L-arginine hydrochloride (500 μM), NO scavenger PTIO (500 μM), NOS inhibitors L-NAME (1 mM), L-NNA (1 mM), and iNOS inhibitor SMT (500 μM, 1 mM, 10 mM) were used as a positive or negative control of NO production. All experiments were performed at 24 AE 2°C. Statistical evaluation of the difference between independent experimental groups was performed using one-way ANOVA. Results are presented as mean AE SEM.
Results
The morphology of the isolated stretch receptor in the control preparations is shown in Figure 1 . The dendrites of the single mechanoreceptor neuron are known to attach to the receptor muscle and ramify between muscle fibers, whereas the axon goes to the ventral cord ganglion. 5, 6 Satellite glial cells form the roulette-like envelope around the neuronal soma and processes. 6 Due to such morphology, the cytoplasm of separate glial cells cannot be distinguished at the optical level, but the nuclei of Table 1 The mean fluorescence intensity of DAF-2DA (relative units AE SEM) in glial cells, neuronal soma, receptor muscle, and axon at different time points during PDT (n ¼ 9). Fig. 1(b) and Ref. 6 . The distribution and dynamics of DAF-2DA fluorescence that displays the NO location and production in the CSR preparation is shown in Figs. 1(a) and 1(b) . The mean fluorescence intensity in control glial cells before PDT was 39.8 AE 0.5 relative units (Table 1 , at t ¼ 0). The mean levels of DAF-2DA fluorescence in the neuronal axon, soma, and dendrites [points a, s, and d in Fig. 2(a) ] were 3.3, 2.9, and 1.8 times lower than in the glial envelope (point g), respectively ( Table 1, at t ¼ 0) .
The glial envelope around the sensory neuron can be observed in the overlay of DAF-2DA fluorescence image [ Fig. 1(a) ] and the image of Hoechst-33342 staining, which shows the nuclei of glial cells and neurons [ Fig. 1(b) ].
To check if the changes in the mean intensity of DAF-2DA fluorescence were due to the changes in NO level, we applied NO generator DEA NONOate (25 μM) or NOS substrate L-arginine hydrochloride (500 μM), NO scavenger PTIO (500 μM) and NOS-inhibitors L-NAME (1 mM), L-NNA (1 mM), and SMT (500 μM, 1 mM, 10 mM) in the absence of photosensitizer ( Table 2 ). All these modulators did not change neuronal activity during the experiment.
DEA NONOate, applied after DAF-2DA, increased the mean intensity of DAF-2DA fluorescence [measured within the circle shown in Fig. 1(a) ] by 1.4 and 2.3 times for 5 and 10 min, respectively (Table 2) . During next 50 min, it gradually decreased by 1.7 times as compared with the maximal level and did not change during the next 60 min. L-arginine increased the mean intensity of DAF-2DA fluorescence by 1.9 times for 60 min. This level was maintained during the next 3 h, and then slightly decreased (Table 2) .
NO scavenger PTIO, applied 1 h before DAF-2DA, almost completely blocked the DAF-2DA fluorescence ( Table 2 ). The nonspecific NOS inhibitors L-NAME and L-NNA, applied 1 h before DAF-2DA, decreased the mean intensity of DAF-2DA fluorescence by 1.7 to 1.8 times (Table 2) , whereas iNOS inhibitor SMT did not influence DAF-2DA fluorescence. The dynamics of DAF-2DA fluorescence in the CSR under laser irradiation, or photosensitizer application, or under their combined action (PDT) are shown in Fig. 2 . Laser irradiation or photosensitizer application acting separately did not influence the mean intensity of DAF-2DA fluorescence in the CSR [ Fig. 2(b) ].
PDT transiently increased DAF-2DA fluorescence by 1.4 times at 4 to 7 min after PDT start [ Figs. 2(a) and 2(b) ]. However, at 10 min, the mean intensity of DAF-2DA fluorescence decreased by 40% relatively to the initial level and did not change further during next 30 min [ Fig. 2(b) ].
We also compared the dynamics of PDT-induced NO production in different parts of the CSR: neuronal axon, soma, dendrite region, and glial envelope (points a, s, d, and g, respectively, shown in [ Fig. 2(a) ]. In this experiment, we measured DAF-2A fluorescence in small squares (5 × 5 μm 2 ) within these regions. The distribution of NO during PDT was similar to that in the control preparations. The highest DAF-2A fluorescence was observed in the glial envelope around the neuronal body [ Fig. 2(a) and Table 1 ]. The redistribution of the NO probe fluorescence was not observed.
Discussion
The presented experiments confirmed the specificity of DAF-2DA to detect the intracellular NO level [23] [24] [25] in crayfish neurons and glial cells. DAF-2DA fluorescence increased in the presence of the exogenous (DEA NONOate), or endogenous (L-arginine hydrochloride) NO generators, or decreased under application of NO scavenger (PTIO), or NO synthase inhibitors (L-NAME, L-NNA). The separate application of the photosensitizer or laser irradiation did not influence DAF-2DA fluorescence. Although some authors assume that changes in the DAF-2DA fluorescence can be associated not only with NO production, 26 it is commonly accepted that the DAF probes have a detection limit for NO as low as 5 nM and show no fluorescence in the presence of various interferents such as NO − 2 , NO − 3 , H 2 O 2 , and peroxynitrite (ONOO − ). 23, 27 It should be noted that we observed the delay in the increase of DAF-2DA fluorescence in the presence of NONOate or L-arginine: 10 and 60 min, respectively, and then a slow decrease (Table 2 ). This nonlinear kinetics should be taken into account in the prolonged NO measurements. Nevertheless, DAF-2DA fluorescence is a relevant method for registration of NO production dynamics, although quick measurements do not reach the maximal NO sensitivity.
Both inducible and neuronal isoforms of NO synthase (iNOS and nNOS, respectively) have been found in neurons and glial cells. 28, 29 These were involved in the PDT-induced death of crayfish neurons and glia, 7 as well as in death of other cells. 29, 30 NO scavenger PTIO suppressed DAF-2DA fluorescence almost completely, whereas nonselective NOS inhibitors, L-NAME and L-NNA, reduced it only by 1.7 to 1.8 times. One can hypothesize the presence of additional NO sources, other than nNOS and iNOS, which are not affected by L-NAME and L-NNA. It may be mitochondrial NO synthase incorporated into the inner mitochondrial membrane and performing some functions of neuronal NOS. 31 PTIO can also scavenge NO, formed during the nonenzymatic destruction of nitrites or nitrates. These inert anions can be important alternative source of NO, in particular in the hypoxic state. 32 In our experiments, PDT rapidly increased for 4 min the NO level which was followed by its decrease after 7 min (Fig. 2) . Similarly, the transient activation of NO production in the cancer cell lines was followed by inhibition, possibly due to nNOS destruction by reactive oxygen species. 25 One can suggest that the fast PDT-induced increase in NO production in the CSR preparation could be due to activation of nNOS rather than iNOS. In fact, a 4-min interval is too short to express iNOS. Additionally, iNOS inhibitor SMT did not influence the NO level (Table 2) . nNOS is known to be activated by intracellular Ca 2þ and PDT rapidly increases the cytosolic Ca 2þ level. 33, 34 Finally, the correlation between the cytosolic calcium level and NO production during photodynamic treatment has been reported. 35, 36 We showed previously that NO mediates PDT-induced apoptosis of glial cells. 7 This raised the question: what is the source of NO in this neuroglial preparation, the neuron or glia? The present experiments showed that NO production was concentrated mainly in the glial envelope around the neuron soma, and, to a lesser extent, in the proximal dendrite zone. (However, in this location, we could not separate possible NO sources Table 2 The changes in the mean fluorescence intensity of DAF-2DA in the presence of NO-generator DEA NONOate (25 μM), NOS substrate L-arginine hydrochloride (500 μM), NO scavenger PTIO (500 μM), nNOS inhibitors L-NAME (1 mM), L-NNA (1 mM), and SMT (500 μM) in the absence of PDT relatively to the initial fluorescence level (t ¼ 0). Significant difference from the mean fluorescence intensity in the control group: **p < 0.01 or ***p < 0.001. The number of experiments is indicated in brackets. between the proximal parts of dendrites, or the glial envelope, or both.) NO levels inside the neuronal soma, nucleus, and axon of the mechanoreceptor neuron were much lower. One can suggest that the proapoptotic effect of NO on the photosensitized crayfish glial cells observed in our previous work 7 was due to NO production in the glial cells rather than in the mechanoreceptor neuron. Additionally, taking into the account that the glial area of NO production was much higher than that in dendrites, one can suggest the glial envelope to be the main NO source. The increase of NO level in the beginning of PDT action could initiate the proapoptotic cascades in glial cells. As we showed previously, the neuronal soma protects satellite glial cells from PDT-induced apoptosis. 20 This function could be performed by intercellular messengers such as neurotrophic factors NGF and GDNF. 21, 22 The role of another intercellular messenger NO was unknown. The present data showed that NO could be involved in neuroglial interactions during PDT. However, it played the proapoptotic rather than antiapoptotic role. 9 On the other hand, NO produced in the glial envelope could protect neurons from PDTinduced necrosis and impairment of neuronal activity. 
